The human tumor suppressor gene ataxia telangiectasia mutated (ATM) encodes a 3056 amino-acid protein kinase that regulates cell cycle checkpoints. ATM is defective in the neurodegenerative and cancer predisposition syndrome ataxia-telangiectasia. ATM protein kinase is activated by DNA damage and responds by phosphorylating downstream effectors involved in cell cycle arrest and DNA repair, such as p53, MDM2, CHEK2, BRCA1 and H2AX. ATM is probably a component of, or in close proximity to, the double-stranded DNA break-sensing machinery. We have observed purified human ATM protein, ATM-DNA and ATM-DNA-avidin bound complexes by single-particle electron microscopy and obtained three-dimensional reconstructions which show that ATM is composed of two main domains comprising a head and an arm. DNA binding to ATM induces a large conformational movement of the arm-like domain. Taken together, these three structures suggest that ATM is capable of interacting with DNA, using its arm to clamp around the double helix.
Introduction
The 370-kDa ataxia telangiectasia mutated (ATM) protein belongs to the family of the phosphatidylinositol-3-OH-kinase-related kinases (PIKK) that in mammalian cells also includes ataxia telangiectasia and rad-3-related kinase (ATR), DNA-dependent protein kinase (DNA-PK) and others. Within the family, the Nterminal portions of these very large proteins are highly variable in sequence, but the C-terminal domain, containing a region of significant homology to the catalytic domain of the phosphatidylinositol-3-OHkinase, is highly conserved (Kastan and Dae-sik, 2000; Durocher and Jackson, 2001 ). However, a novel sequence alogorithm has recently found that the nonkinase portions in the PIKK family proteins are composed of large helical HEAT repeats, suggesting in fact that all its members might have a similar underlying structure throughout (Perry and Kleckner, 2003) .
Mutations in ATM are responsible for the recessive inherited disorder known as ataxia-telangiectasia (A-T). A-T patients display pleiotropic defects including cerebellar degeneration, immunodeficiency and cancer predisposition.
Links between mutations in the ATM gene and increased susceptibility to the risk of developing breast cancer are not entirely clear at present (Concannon, 2002) , although a recently developed transgenic mouse model of the human ATM mutant 7636 del 9 suggests a direct role between ATM heterozygosity and tumor development (Spring et al., 2002) . Mutations in the CHEK2 kinase, a target of phosphorylation by ATM, have been implicated in breast cancer predisposition (Meijers-Heijboer et al., 2002) . Therefore, several proteins in the same functional pathway are implicated in breast cancer susceptibility (ATM, CHEK2, BRCA1 and BRCA2) . Further understanding of the function of ATM at molecular level is crucial in order to clarify its contribution to human tumorigenesis.
A-T cells are extremely sensitive to ionizing radiation, chromosomally unstable and deficient in the normal cellular response to double-stranded DNA breaks (DSBs). Our current knowledge indicates that ATM acts in the cellular response to ionizing radiation by associating with DSBs as part of the damage detection mechanism (Durocher and Jackson, 2001) . After irradiation, ATM is activated by autophosphorylation and it is then recruited at sites of DNA damage to phosphorylate its substrates (Bakkenist and Kastan, 2003) , including p53 (Khanna et al., 1998), MDM2, CHEK2, BRCA1 (Durocher and Jackson, 2001 ) and H2AX (Burma et al., 2001) . It has also been suggested that ATM is kept inactive before DNA damage through dimerization. Dimers would decompose into active monomers after auto-phosphorylation (Bakkenist and Kastan, 2003) . Abundant data suggest that ATM can interact with DNA and DSBs (Abraham, 2001) . In vitro, ATM from total cell lysate is capable of associating with double-stranded DNA (Suzuki et al., 1999) , and purified ATM protein binds DNA in a sequence nonspecific manner in the absence of any other cofactor (Smith et al., 1999) . This latter interaction has been analysed by Atomic Force Microscopy and ATM was observed bound at the ends of linear double-stranded DNA molecules (Smith et al., 1999) .
There are no structural data on ATM. The large size of the polypeptide and the difficulties associated with its purification have impeded X-ray structural analysis. However, electron microscopy on single molecules is able to provide three-dimensional (3D) structural information of macromolecules, if they are of a sufficiently large size, using small amounts of material (Llorca et al., 1999 (Llorca et al., , 2001 . Here, we have performed single-particle electron microscopy on purified human ATM to obtain the first 3D structure of this protein, and have also gained some insights into the structural mechanism behind the DNA recognition properties of ATM.
Results

3D structure of human ATM
Recombinant human ATM protein has been overexpressed in transiently transfected human 293 T cells and purified to homogeneity (Figure 1a ) as previously described (Rhodes et al., 2001) . The purified sample is free of contaminants, including the related DNA-PK kinase, and functional, as revealed by its ability to phosphorylate p53 on serine 15 (Rhodes et al., 2001 ). This same preparation was observed by single-particle electron microscopy. Micrographs showed fields of evenly spread individual ATM molecule images (Figure 1b) . Most of the particles have a similar size (Figure 1b, arrows) . Around 3000 of these particles were initially collected without any a priori selection criteria. The images from this data set had a good signal-to-noise ratio and apparently displayed different morphologies (see a gallery of particles in Figure 1c ). The protein interacts with the grid in multiple random orientations, as shown in the angular distribution map, calculated from the final angle assignment for each particle (results not shown). This property enabled us to obtain a 3D structure at B30 Å resolution by iterative angular refinement corresponding to an ATM monomer (see below). Electron microscopy fields show larger ATM aggregates as well (*in Figure 1b and d for a gallery). These particles could correspond to dimers (Figure 1d ) but they only account for less than 2% of the total number of observed particles, and are thus not abundant enough for structural analysis. (Figure 2 ). The structure is divided into two distinct domains: a head and an arm (Figure 2a ). The overall head domain has an approximate length of 115 Å and a thickness ranging from 75 to 140 Å , and contains several subdomains (labelled 1, 2 and 3 in Figure 2a ) and holes (arrows in Figure 2a, b) . These subdomains can be defined as those parts of the protein with a distinct morphology. Subdomain 1 forms the tip of the head, subdomain 2 has a distinctive triangular shape, while subdomain 3 'hangs down' from the head and is loosely connected to subdomains 1 and 2. The top of the head (Figure 2c ) forms a smooth area without holes. All these subdomains enclose an inner cavity that is accessible from the outside through the two holes in the front (arrows in Figure 2a ) and one in the back (arrow in Figure 2b ) of the head. The structure of the arm, on the other hand, is a long rod, of about 70 Å in length and protrudes from the head (Figure 2c) . A shorter extension is present at its tip at an approximately 901 angle with respect to the longer segment.
The 3D structure of DNA-PKcs has also been solved by electron microscopy at 22 Å resolution (Leuther et al., 1999) . This structure, obtained from negatively stained 2D crystals, shows a remarkable resemblance to some regions in the ATM volume obtained in this work, despite the nominal difference in resolution. DNA-PKcs contains a head with similar features and dimensions to the one in ATM. Identical subdomains and holes to the one observed in the ATM structure (Figure 2a, b) can be found in DNA-PKcs's head (Leuther et al., 1999) . For instance, the regions labelled as subdomains 2 and 3 in ATM clearly match areas in the head of DNA-PKcs, which also comprise a cavity. Both proteins share extensive homology in their C-terminal domains that include the kinase domain (Durocher and Jackson, 2001) . Furthermore, the nonkinase regions seem to be comprised of many, low-homology helical repeats (HEAT units), shared by all the members of the PIKK family (Perry and Kleckner, 2003) . The high similarity between the medium resolution volumes of ATM from this work and DNA-PKcs (Leuther et al., 1999) supports this analysis. For DNAPKcs, it has also been proposed that the holes found in its head domain might be implicated in the recognition of single-stranded DNA also present at DNA breaks (Leuther et al., 1999) , and this suggestion could be extended to ATM. The DNA-PKcs structure also contains an arm, but this is much larger than ATM's and very different in its overall shape. Notably, DNA-PKcs has a molecular weight of 470 kDa compared to ATM's mass of 370 kDa and these relative molecular masses correlate well with the differences in size observed in their respective arm domains. The differences found at the levels of the arms might partially be related with the functional differences between these two proteins. A DNA-PKcs structure obtained from single-particle cryoelectron microscopy has also been published (Chiu et al., 1998) , but it does not seem to resemble in any way the structure of either DNA-PKcs from 2D crystals or the ATM structure presented here.
Interaction of ATM with DNA
As stated above, ATM seems to bind DNA and this interaction stimulates significantly its kinase activity on p53 (Smith et al., 1999; Andegeko et al., 2001) . It is unclear if this interaction is assisted in vivo by other still unknown DNA-binding protein(s). Regardless of the nature of the actual DSBs sensing macromolecular complex, ATM's ability to interact with DNA must be crucial to the damage recognition mechanism.
We tested the ability of our purified ATM protein to interact directly with a 54-base pair linear, doublestranded DNA derivative, biotinylated at just one end (Figure 3a) . Biotinylated DNA-ATM complexes were prepared, and DNA bound ATM was pulled down with streptavidin beads and resolved on 6% polyacrylamide gels. Proteins were transferred to nitrocellulose and probed using an anti-FLAG monoclonal antibody to detect ATM (containing an N-terminal FLAG epitope tag; Rhodes et al., 2001) (Figure 3a , I, lane 4). As a control for nonspecific interactions between ATM and the streptavidin beads, a similar experiment was done with a purified ATM sample only (Figure 3a , I, lane 2) or biotinylated DNA only (Figure 3a , I, lane 3). As seen in Figure 3a , I, FLAG-tag ATM protein was specifically bound to the streptavidin beads, above the background binding level, when the DNA was present in the reaction, suggesting that ATM is in a complex with the double-stranded DNA molecule. In an independent control experiment, it was shown that the biotinylated DNA was captured by the beads. DNA under similar buffer conditions was incubated with the beads and after washing, run in an agarose gel to check for the presence of the 54 bp DNA (Figure 3a , II, lane 2).
While DNA-induced conformational changes on ATM may eventually be studied by single-particle electron microscopy at higher resolution, it is a fact that thin, mobile DNA molecules located within DNAprotein complexes are usually difficult to identify unambiguously with this medium resolution technique. Having demonstrated ATM-DNA interaction biochemically, a control experiment was carried out to corroborate that, under the experimental conditions used for the electron microscopy and the subsequent 3D reconstruction procedures, the selected images of each individual molecule were actually those of DNA-bound ATM particles. Our approach was to label the DNA with a high-molecular mass marker that could be detected in our 3D structures. ATM was incubated firstly with the 54 bp DNA bearing the 5 0 biotin group and subsequently avidin was added to the mixture, and single-particle electron microscopy was carried out as before. Avidin has a very high affinity for biotin, one of the highest of all known protein ligand interactions and is a highly stable 62.4 kDa homotetramer with dimensions 56 Â 50 Â 40 Å (Rosano et al., 1999) , and therefore large enough to be detected with our reconstruction scheme. If ATM is in complex with DNA, avidin should bind to the 5 0 biotin group and this avidin-bound biotinylated DNA should generate a 3D density in close proximity to the ATM volume. Such density should be absent in a similar structure obtained from avidin-free incubations.
The avidin-ATM-DNA mixture was therefore observed by electron microscopy and around 1800 individual particles were extracted and used to obtain a 3D reconstruction at B38 Å resolution (Figure 3c ). This structure was compared with the structure of ATM-DNA complexes obtained in the absence of avidin (discussed in the next section; Figure 4 ) filtered to a comparable resolution (Figure 3b ). Both volumes display significant conformational changes with respect to apo-ATM (detailed description of these changes will be described in the following section). At this level of resolution, the structural features of the ATM protein look very similar in both DNA incubated structures (compare Figure 3b and c) . Direct visual inspection of these two volumes clearly shows that when avidin was present in the mixture (Figure 3c ), an extra mass of density appears in the vicinity of the ATM protein (see arrow in Figure 3c ). This density was observed from the first stages in the image refinement process, consistently in a similar position with respect to ATM and with a high-density value well above the noise. Since avidin is the only extra component added to the reaction, this density must be related with the presence of avidin close to the ATM protein.
DNA is not clearly visualized in either of the two volumes, but the fact that a strong density appears close to the ATM volume when avidin is also added to the reaction suggests that the biotinylated-DNA molecule must also be present in the complex (Figure 3b, c) . Most likely, avidin binds at the biotinylated end of a DNA molecule that interacts with ATM. Although DNA is not observed when using a visualization threshold that displays B100% of the protein volume, a minor modification of this threshold value to display an extra 5% (Figure 3d ) or 9% (Figure 3e ) of the volume allows one to observe density extending from the putative avidin towards ATM. This extension is clearly defined, with a high signal, and may correspond to the DNA in the complex. The connecting density is probably an average of a range of positions of the DNA molecule. It is likely that this averaging contributes to the lower density of the DNA compared to the protein mass, and to the difficulties in observing DNA at high threshold values.
Both the avidin-DNA labelling experiment and the biochemical approach strongly indicate that our purified ATM protein sample binds double-stranded DNA, and . ATM was incubated in the presence and absence of biotinylated oligo and streptavidin-coated agarose beads were used to pull down DNA-ATM complexes. Recovered complexes were resolved on 6% polyacrylamide gels, proteins transferred onto nitrocellulose and probed using an anti-FLAG monoclonal antibody to detect FLAGtag-ATM. Lane (1) 
3D structure of DNA-bound ATM
In order to reconstruct a higher resolution 3D volume of the ATM-DNA complexes, we have performed singleparticle electron microscopy on ATM after incubation with the nonbiotinylated 54 bp DNA. Around 3000 particles were extracted from the micrographs (see gallery in Figure 4a ) that displayed a good signal-tonoise ratio and a volume was obtained by angular refinement. A lower resolution filtration of this volume, obtained with the ATM-DNA-avidin complexes, has already been shown in Figure 3b . Views of the final 30 Å reconstruction are displayed in Figure 4b -d. The ATM-DNA structure reveals great differences compared to the unbound DNA-free ATM protein, but the arm and head domains and subdomains can be still clearly identified (Figure 4b ). The most apparent change in the protein is located at the level of the arm. The space now left between the arm and the head is very sensitive to small variations in the threshold value used to visualize the volume. The view in Figure 4b displays B100% of the protein volume while just by showing an extra 3% (Figure 4c ), the empty area within the arm is 'filled'. This probably indicates the presence of a stain-excluding region between the two segments of the arm. In order to facilitate a clearer interpretation of the structural changes undergone by the protein, views of ATM and the ATM-DNA complex in similar orientations are shown (Figure 4d ), purple color for ATM (Figure 4d, 1-3) , orange color for ATM-DNA ( Figure 4d, 4-6) . Also, guide lines along the two segments of the arm have been drawn in the DNA-free structure and copied onto the same position of the DNA-ATM complex (Figure 4d , 2-5 and 3-6). Careful inspection shows that the arm-like domain has undergone dramatic conformational changes. The arm's position in DNA-ATM locates further away from the guide lines drawn along its previous position in the apo-ATM structure (compared in Figure 4d , views in 2 and 5, and 3 and 6). The arm has bent to come in contact with the head mainly at subdomains 3. The head domain in ATM and DNA-ATM do not perfectly match each other, but their overall structural features are easily recognizable and compatible. The bulk of the head in the DNA-bound complex has been distorted, possibly as a result of the tensions and changes generated after the interaction between the arm and the head. The main consequence of DNA binding to ATM is the movement of its arm domain towards the head to form a ring-like structure. This 'ring' may serve to encircle the DNA, by using the arm to 'clamp' around the DNA. At the threshold level used to visualize around 100% of the expected volume for ATM, the linear DNA is not clearly identified within the complex, presumably due to its lower density and the averaging of a range of possible different conformations. Nevertheless, the area enclosed by the two segments of the arm in the ATM-DNA structure has a high density (Figure 4c ) and this stain-excluding region might indicate the presence of DNA encircled by the arm. The ring formed by the arm in the ATM-DNA complexes leaves an approximately 35 Å wide internal tunnel. This is sufficient to accommodate the 20 Å diameter of the DNA double helix. Altogether, these data are consistent with the DNA-related densities observed in other electron microscopy-derived 3D structures that bind DNA using rings, such as SV40 T antigen hexamer, which shows stain-excluding regions inside its ring when DNA is bound into its channel (VanLoop et al., 2002) .
Discussion
Here, we have described for the first time a 3D structure of ATM, which allows us to propose a molecular model for its interaction with DNA ( Figure 5) . One of the most significant structural features of ATM is the presence of the arm-like domain. This arm seems to be involved in DNA interaction by wrapping around the double helix. Upon DNA binding, the arm changes conformation and moves its tip towards the head, forming a ring that probably helps to maintain its interaction with the bound linear DNA. This mechanism is reminiscent of the 'sliding clamp' structures, like PCNA (Ellison and Stillman, 2001 ). In fact, several types of DNA-binding proteins seem to share the strategy of forming rings around DNA, like the Ku heterodimer (Walker et al., 2001) and some transcription factors (Stroud et al., 2002) . Organisms from all kingdoms of life use ringshaped protein complexes to polymerize RNA and DNA in a processive manner. These ring structures use protein complexes known as 'clamp loaders' to open the toroid and tether to the linear DNA. Similarly, ATM's arm would allow the protein to grab DNA in the presence of the adequate stimulus and also to break this interaction by opening the clamp.
In vivo, ATM binds along paired, meiotic chromosomes and it has been hypothesized that it might be sensing DSBs or related DNA structures (Keegan et al., 1996) . After treatment with DNA-damaging agents, ATM colocalizes with aggregates containing phosphorylated forms of the histone variant H2AX, suggesting an association at sites of DSBs and this association takes place rapidly and independently of ATM kinase activity (Andegeko et al., 2001) . Taken together, these in vivo and in vitro results are consistent with ATM possessing inherent DNA binding activity, and therefore ATM is probably a component of the macromolecular complexes involved in detecting DSBs. ATM might interact with DNA as part of the initial damage detection complex, and/or when recruited to sites of DSBs to phosphorylate substrates in situ. A recent study (Bakkenist and Kastan, 2003) has proposed that, in the absence of DNA insult, ATM is kept inactive through the formation of homodimers. We have only identified minor amounts of putative dimers in our images and 498% of the particles correspond to ATM monomers, indicating either that the dimers are a minority species, or that they are prone to disassembly during our purification protocol.
An ATM homologue, DNA-PKcs (catalytic subunit of mammalian DNA-PK, involved in V (D) J recombination and DNA repair by nonhomologous end joining), serves as a paradigm for the DNA-binding properties of this family of kinases (Durocher and Jackson, 2001) . DNA-PKcs can bind DNA strongly Figure 5 Model for the DNA-ATM interaction. ATM binds double-stranded DNA using its arm domain to clamp around its linear structure. Other proteins ('ku-like protein') might form a complex with ATM to be targeted at sites of the DNA damage. ATM kinase activity is then activated and phosphorylates a set of substrates involved in cell cycle arrest and DNA repair of its own accord. This interaction has been demonstrated biochemically and has also been analysed by Atomic Force Microscopy (Yaneva et al., 1997) . However, despite DNA-PKcs's intrinsic DNA-binding ability, the ku70/86 heterodimer acts as a DNA-binding subunit to recruit DNA-PKcs to DNA ends with higher affinity.
As in the case of DNA-PKcs, in vitro ATM interacts with DNA (Smith et al., 1999; Suzuki et al., 1999; Abraham, 2001 ), but it is reasonable to suspect that, in vivo, ATM could be targeted to specific sites through association with another protein. Recently, it has been described that Meclp, another member of the PIKK family, present in yeast and closely related to mammalian ATR, forms a complex with the protein Lcdlp to be targeted at sites of DNA damage (Rouse and Jackson, 2002) . This behavior could be analogous to the role of ku70/86 on DNA-PKcs, and suggests a possible general mode of interaction of these kinases with DNA. Thus, a 'ku-like' protein might assist ATM to find sites of DSBs with high precision ( Figure 5 ). After DSB recognition, ATM kinase activity may be triggered to phosphorylate its different substrates (Smith et al., 1999) . It is possible that the DNA-induced conformational changes observed either in the head or the arm of ATM may contribute to the activation of its kinase activity on these substrates.
ATM's DNA-binding properties, its delivery to the sites of repair and its kinase activation are no doubt mediated through its interaction with additional proteins, as part of larger macromolecular assemblies, and it seems likely that ATM will use its arm to clamp around the double-stranded DNA within these larger multiprotein complexes. Future structural studies must obtain higher-resolution data on ATM structures of its cocomplexes with other proteins to elucidate the structural basis in the functioning of this interesting family of kinases.
Materials and methods
Sample preparation
Human FLAG-epitope-tagged ATM protein was expressed in transiently transfected human 293 T cells and purified by anti-FLAG chromatography as previously described (Rhodes et al., 2001 ) and concentrated to 0.01 mm. The sample was kindly provided by Timothy Lansing from the Oncology Biology Department, GlaxoSmithKline Research and Development, North Carolina (USA). The ATM protein is functional in phosphorylating p53 and is probably full length judged by its reactivity with anti-ATM-C-terminal antibodies (reactive with amino acids 2497-3056).
DNA-binding reactions were performed in a buffer containing 15 mm KC1 and 10 mm MgCl 2 with a 20-fold molar excess of double-stranded DNA incubated for 5 min at room temperature. The dsDNA was prepared from a 54-base oligonucleotide (5 0 -GGCCGCACGCGTCCACCATGG-GGTACAACTACGATCTAGCTTCATGCACCG GAC-3 0 ), after HPLC purification and after annealing of complementary oligonucleotides in a 1 : 1 molar ratio. For biotinylated DNA, one of the oligos contained a biotin group at its 5 0 end.
ATM-DNA complexes and pull-down experiments
ATM was incubated in the presence and absence of the biotinylated 54 bp oligo, and streptavidin beads were used to pull down DNA-ATM complexes. Recovered complexes were resolved on 6% polyacrylamide gels, proteins transferred to nitrocellulose and probed using an anti-FLAG monoclonal antibody to detect ATM. To test the interaction of the biotinylated oligo with the streptavidin beads, the samples were resolved on a 0.7% agarose gel and stained with ethidium bromide.
To generate avidin complexes, preformed 5 0 -biotinylated DNA-ATM complexes were incubated for 5 min with avidin (Sigma-Aldrich: A9390) at a 3 : 1 avidin tetramer: biotin DNA molar ratio. The complexes were observed by electron microscopy after staining with 2% uranyl acetate.
Electron microscopy
About 5 ml of either ATM (0.01 mm) or its DNA-bound complexes (0.009 mm) were applied to carbon-coated grids, negatively stained with 2% uranyl acetate, and observed in a Phillips CM 100 electron microscope operated at 100 kV.
Images were recorded at 01 tilt on Kodak SO-163 film at a nominal magnification of 39 000 and digitized with a Leafscan45 scanner (Leaf Systems Inc.) with a 10 mm step size. Real magnification was estimated using GroEL chaperonin as a standard (Llorca et al., 1997) .
3D reconstructions
Around 3000 particles for purified ATM and 3000 particles for the DNA-ATM incubations were selected from the micrographs, aligned in two dimensions and classified into different groups by a neural network algorithm as implemented in XMEPP (Marabini et al., 1996) . Class averages were used to obtain an initial 3D model with the common lines principle and the volume was further refined with SPIDER (Frank et al., 1996) . Resolution was estimated by Fourier shell correlation using the 3s criteria to be 30 Å and the volumes were low-pass filtered accordingly. The correct handedness of the structure was determined by comparison with the absolute handedness calculated for DNA-PKcs from 2D crystals (Leuther et al., 1999) .
For the reconstruction of ATM complexes incubated in the presence of avidin, around 1800 particles were collected in an unbiased way. Initial 2D alignment was performed with the XMIPP software package (Marabini et al., 1996; Llorca et al., 1997) . The 3D reconstruction scheme was identical to the one described for apo-ATM. Resolution calculated by Fourier shell correlation to be 38 Å was used to filter the volume. 
